Positive phase 3 cancer clinical trials are widely hailed, while trials with negative results are often interpreted as scientific failures. We hypothesized that these interpretations would be reflected in the scientific literature.
P hase 3 trials provide the highest level of evidence for showing the efficacy of new treatments or interventions. The phase 3 trial programs of the National Cancer Institute's (NCI's) National Clinical Trials Network and the NCI's Community Oncology Research Program (NCORP) are vital national resources and represent a substantial investment on the part of federal agencies. Given the size of the investment, negative trials-that is, those that fail to show that a new treatment is superior to standard treatment-may be incorrectly regarded as poor investments. However, negative trials are also important if they show that new treatments, which might otherwise be adopted into clinical practice, in fact do not work.
The rate at which trials are positive (showing that a new treatment is superior to standard treatment) has previously been examined, as has the relationship between trial results and publication rates in the context of publication bias. [1] [2] [3] [4] But the comparative scientific impact of positive vs negative trials using citation data has not been investigated. In this article, we use the phase 3 trial database of SWOG, a major national cooperative group, in combination with its trial publication database and citation data from Google Scholar, to compare the scientific impact of positive and negative cancer clinical trials.
Methods

SWOG is a member of the NCI's funded National Clinical Trials
Network and NCORP programs. We surveyed the SWOG clinical trial database over the 30-year period 1985 through 2014 (inclusive). Any phase 3 clinical treatment trial that opened for enrollment during the period was included. Each trial was previously approved by an institutional review board. SWOG maintains a comprehensive database of all publications associated with its trials. All SWOG trial publications are required to be vetted through the SWOG publications office for processing and data capture prior to submission. PubMed is periodically searched by the publications office staff to identify any SWOG-related publication that may have been missed. Publication lists are periodically reviewed by SWOG disease committee chairs and senior statisticians for completeness and accuracy.
This report is based on articles published in scientific journals.
Study Outcome Definitions
A trial was defined as "completed" if it was closed to accrual. Any trial that was analyzed in the context of a formal interim analysis, or after achieving at least 50% accrual, was considered "evaluated." An evaluated trial was defined as "full accrual" if at least 90% of protocol-specified enrollment was achieved 5 ; "futility" if the trial was closed early following a recommendation by the Data and Safety Monitoring Committee that the experimental therapy would never achieve its protocolspecified end point or was too toxic; "efficacy" if the trial was closed early following a recommendation by the Data and Safety Monitoring Committee that the trial had shown the benefit of the experimental treatment; and "sufficient" if the trial did not reach full accrual but was analyzed for the treatment comparison. Trials that were not evaluated were either closed early as a result of poor accrual or for other reasons (such as withdrawal of NCI or pharmaceutical industry support) and were counted as negative trials.
Definition of Positive and Negative Trials
To be categorized as a positive trial, trial results must have achieved a statistically significant finding in favor of the new, experimental therapy for a designated primary end point according to the statistical design prespecified in the study protocol. A trial with a negative result indicated that there was a statistically significant finding in favor of standard therapy. A trial with a null result indicated that there was no statistically significant benefit for either the experimental or standard therapy. (Of note, a null result does not equate to proving that the treatments were the same, only that there was no evidence that they were different.) For presentation purposes, both null and negative trials are regarded as failed experiments and are referred to, collectively, as negative trials.
We also considered the rate of positive trials based on an assessment of net benefit. In this calculation, trials that were positive according to the protocol-specified primary end point, but in which the toxicity for the new therapy was too high to recommend the new treatment, were considered negative. Conversely, trials that did not achieve their protocolspecified primary end point for the new treatment, but that had other substantial advantages (ie, lower cost, reduced toxicity) leading the authors to consider the new treatment an advance over standard care, were considered positive.
Trial Descriptive Factors
Trials were described according to the following baseline characteristics: type of cancer, type of design, type of end point, the number of randomized comparisons, and type of treatment.
Publication Data
We identified article publications generated from phase 3 trials. Only evaluated trials were examined for publication outcomes, including citation counts, because the outcome from the randomized comparison in trials that closed early (mostly
Key Points
Question Is the scientific impact of positive phase 3 cancer clinical treatment trials greater than that of negative trials?
Findings Using SWOG's phase 3 trial database from 1985 through 2014, primary results from positive trials were published in high-impact journals more often and were cited more frequently than negative trials, but the citation rate from all primary and secondary articles did not significantly differ between positive and negative trials.
Meaning When all articles derived from phase 3 cancer treatment trials were considered, the scientific impact between positive and negative trials was similar.
due to poor accrual) was unknown, so could not be categorized as positive or negative. The "primary" article was the article reporting the results of the analysis for the primary protocol-specified end point by randomized treatment arm. A "secondary" article was any other article that relied on data from a given phase 3 trial, such as subset or meta-analyses. Letters to the editor were excluded.
Scientific impact was evaluated according to multiple article publication end points. To assess the potential for publication bias, we calculated the rate at which primary articles were published in any journal. We also calculated the total number of primary and secondary articles associated with each trial. To account for time, for each trial, we calculated the publication rate as the number of publications divided by the number of years from accrual closure date through December 31, 2014. Finally, we calculated the mean impact factor related to the primary article. Because historical impact factors were not fully available, we used current (2015) scientific journal 2-year and 5-year impact factor levels.
Citation Analysis
We also examined scientific impact using citation analysis, a bibliometric tool. 6, 7 We created a database of the total number of articles in the biomedical literature that cited the SWOG articles in each year following its initial publication using Google Scholar, a web-based scholarly search engine. Citation data were obtained in July 2015 for citations that occurred through December 31, 2014. The Web of Science search engine was also used to conduct a sensitivity analysis for primary article citation data.
Statistical Considerations
The total number of primary and secondary publications associated with each trial and the mean impact factor were compared between positive and negative trials using t tests. Secondary articles (and their citation counts) associated with multiple trials were ascribed a weight equal to the inverse of the number of associated trials. The citation rates for positive and negative trials are a function of the number of trials in each category and the number of years since publication for each trial article. Also, yearly citation counts are likely correlated; that is, an article is more likely to be cited if it has previously been cited. For these reasons, we modeled citation counts using generalized estimating equations (GEEs) for Poisson regression. 8, 9 The GEE models fit the number of citations by study over time (in yearly intervals). To account for correlation between citation counts, we specified an independence working correlation using robust standard errors. An article was considered "at risk" of being cited in the literature starting the calendar year in which it was published until the end of the period on December 31, 2014. For unpublished trials, the primary manuscript date was set at the year when enrollment completed, and citation counts were assigned as zero for all at-risk years. Citation counts up to 20 years after the primary article publication were analyzed. Model-based expected citation counts for positive vs negative trials are provided, as are relative risk (RR) estimates and their 95% confidence intervals.
We fit models with citation count as the dependent variable and trial outcome status (positive vs negative) as the main independent variable. We also modeled citation patterns over time, including, separately, a linear time variable, a quadratic time variable, and each time variable interacting with trial outcome status. The best-fit models were identified by comparing the QICu goodness-of-fit statistic. 10 To account for potential secular trends, a trial-level covariate representing the year the primary article was published (<2002 vs ≥2002) was included in separate analyses. A separate analysis of primary article citations incorporated the trial-level impact factor as a covariate. The GEE Poisson regression analyses were conducted using the SAS procedure PROC GENMOD (SAS version 9.4; SAS Institute). All statistical tests with α ≤ .05 were considered significant.
Results
One-hundred seven phase 3 trials were activated from 1985 through 2014. Of these, 6 finished enrollment but the data were still maturing, and 7 were still open for enrollment (eFigure 1 in the Supplement ] ). There were no observed differences between positive and negative trials in factors that might influence citation rates, such as the incidence of the cancer type or the nature of the treatment.
Accrual Outcomes
Among the 94 completed studies, nearly half reached full accrual (46 of 94 [49%]), 5 (5%) closed early because of an efficacy finding and 10 (11%) because of a futility finding, and 5 (5%) were analyzed after reaching sufficient accrual (eFigure 1 in the Supplement). Among the trials closed early for futility, 9 closed because the experimental treatment was worse-or would never be better-than standard treatment, and 1 because the experimental treatment was too toxic. In no case did a study reach full accrual and the experimental treatment was found to be statistically significantly worse than standard treatment. Twentysix trials (28%) were closed early because of poor accrual.
Rate of Positive Phase 3 Trials
Overall, 26 of 94 completed trials (28%) were positive according to the protocol-specified primary end point analysis. Given the likelihood that trials that fail are more likely to fail quickly, we excluded 7 trials activated in the most recent 10 years (2005-2014); the rate of positive trials was 30% (26 of 87). Among the 66 evaluated trials, the rate of positive trials was 39% (26 of 66). Two trials were positive according to the protocolspecified primary end point, but the new therapy was sufficiently toxic that the authors did not recommend it over standard therapy. Four other trials did not achieve their
Publication Outcomes
Among the n = 66 trials that were evaluated for their primary end point, 38 of 40 negative trials had an article publication (95%) and all 26 positive trials had an article publication (100%). There was no statistically significant evidence of publication bias (P = .25).
In total, 273 unique articles were published during the period, including 229 articles associated with a single trial and 44 articles associated with 2 or more trials. Among the 209 secondary articles, the most common types pertained to biomarker predictors of outcomes ( 
Citation Analysis
For the 66 evaluated trials, there were 24 235 citations over 783 at-risk years for the primary articles, including 15 064 citations over 350 years for positive trials and 9171 citations over 433 years for negative trials ( Figure 1A) .
The model-adjusted citation rate per at-risk year was 43 for positive trials and 21 for negative trials. In multilevel Poisson regression analysis, this difference was statistically significant (RR, 2.0 [95% CI, 1.1-3.9]; P = .03). Ignoring autocorrelation does not change the effect size but does reduce the standard errors. In this setting, the strength of the difference was much greater (RR, 2.03 [95% CI, 1.98-2.09]; P < .001). Adjusting for the journal impact factor as covariate, results were consistent but weaker (RR, 1.5 [95% CI, 0.9-2.4]; P = .12). There was no evidence that the pattern of higher citation counts for positive trials differed according to whether the primary article was published in a high-impact journal (rates for positive vs negative trials: 91 vs 67 in high impact factor journals, and 24 vs 15 in low impact factor journals; interaction P = .75).
The best-fit model included both a linear and quadratic interaction of time and whether the study was positive or negative (eTable 2 in the Supplement). This can be interpreted as indicating that there was a quadratic relationship between citation counts and time that differed for the positive vs negative trials. For positive trials, mean citation counts increased for approximately 10 years after initial publication, after which they decreased, at approximately a similar rate, out to 20 years; for negative trials, citation counts also increased out to approximately 10 years, but at a more modest pace, after which mean citation counts slowly decreased (Figure 2A) .
For secondary articles, citation counts were higher for negative trials (12 461 vs 6029) ( Figure 1B) , while for the combination of primary and secondary articles, citation counts were similar for positive vs negative trials (21 093 vs 21 632, respectively) ( Figure 1C) . The model-adjusted citation rate per atrisk year was 55 for positive trials and 45 for negative trials (relative risk, 1.2 [95% CI, 0.7-2.3]; P = .53) ( Figure 2B ). The absence of a statistically significant overall difference between positive and negative trials was due to the substantial number of citations from secondary publications for negative trials. As before, the best-fit model included a quadratic interaction of time and whether the study was positive or negative (eTable 2 in the Supplement), although the strength of the interaction was weaker than for the primary article citations.
Sensitivity and Outlier Analyses
Using the Web of Science search engine, the total absolute number of citations for primary articles was lower (n = 15 828), including 9749 for positive trials and 6079 for negative trials. The modeladjusted citation rate for positive trials was 28 and for negative trials was 14 (RR, 2.0 [95% CI, 1.0-3.8]; P = .04). As before, a quadratic interaction model best fit the data (data not shown).
We assessed the potential for very highly cited positive and negative trials to influence the analysis of total primary and secondary article citations by excluding the 2 top positive and negative trials with the greatest number of citations from all associated articles. The simple citation rate per at-risk year was 41 for positive trials and 36 for negative trials (RR, 1.1 [95% CI, 0.6-2.0]; P = .66) (eFigure 2 in the Supplement). The observed modest early increase in total citations for negative trials (prior to year 0) ( Figure 2B ) is no longer evident, suggesting that the early difference was due to a few negative trials with a large amount of well-cited secondary article publications.
Discussion
We found that the scientific impact of primary articles from positive trials was greater than for negative trials, as measured by publication in a very high impact journal and mean citation rates over 20 years. But negative trials also had a sizeable impact on the scientific literature. When the citation counts from both the primary and secondary publications were considered, the total scientific impact between positive and negative trials was roughly comparable.
Recent evaluations of NCI-sponsored cooperative group trials showed high rates of full publication of completed trials in journals (≥90%). 1, 4 Our findings were similar, showing an overall publication rate of 97%, which did not statistically significantly differ according to whether trial results were positive or negative. Earlier observations about the potential for publication bias in clinical trials, and the subsequent require- only be conducted in an environment in which true uncertainty exists as to whether a new treatment is better than standard treatment. In this setting, the likelihood that an individual trial will be positive should lie within a certain range; if the likelihood of success is too high or too low, then patients and clinicians are unlikely to entrust their treatment choice to random assignment. 13 Moreover, if the scientific question does have equipoise, then negative trial results reduce uncertainty about which treatments should direct guidelinebased care. Thus, their publication serves a vital scientific and societal interest. It is also essential to publish negative trial results given the costliness of trials; the high probability that the clinical experiment is unlikely to be repeated (or, conversely, to reduce the risk that a similar trial is repeated due to lack of knowledge of a negative trial's results); and importantly, in fulfillment of the obligation to the trial participants who volunteered to participate. The citation trends observed in this study point to patterns of advances in treatment discovery. Positive and negative trials achieved their maximum citation rates at approximately 10 years after publication. Thereafter, citation counts diminished, likely because new treatments were developed to replace prior standards. However, even 20 years after publication, both positive and negative trials remained frequently cited (15-20 per year), suggesting that successfully completed phase 3 trials-regardless of their outcome-set the stage for new treatment discovery for decades to come.
These findings also point to the tremendous secondary value of well-conducted phase 3 clinical trials. Fully 43% of total citations (18 490 of 42 725) in this set of trials were from secondary articles. Clinical trial participants are typically younger and healthier than patients who do not participate in trials. 14, 15 However, randomized phase 3 trials provide large samples of uniformly staged and treated patients with prospective data collection and long-term follow-up. In an age of translational medicine research, nearly all trials also collect biologic ancillary data to investigate and generate important hypotheses regarding prognostic and predictive biomarkers. Finally, patients who receive treatment on trials have access to health care in a protocolspecified treatment setting, so studies of health outcomes and health care use by demographic or socioeconomic groups using clinical trial cohorts are less subject to confounding by access to care. 16 Indeed, in some cases a negative trial may actually be more advantageous as a data resource for secondary science, because the treatment effect can also be discounted and the full trial data set used. In total, trial data represent a powerful resource for welldesigned secondary data analyses. 18 and by the increasing efforts of pharmaceutical companies to advance their trial data sharing. 19, 20 This study was potentially limited by the fact that citation data are likely incomplete, although Google Scholar has been estimated to be at least as comprehensive as other scholarly search engines. 21, 22 The use of Google Scholar for citation data also provided a different profile of citation data than Web of Science. 23, 24 Although this affected absolute citation counts, it did not affect the relative citation patterns between positive and negative trials. In addition, a given citation does not represent a uniform level of scientific impact, and citation analysis may not fully represent the scientific impact of a given trial. As such, we defined scientific impact as a multidimensional construct incorporating multiple publication end points. 25, 26 Other ways to assess scientific impact are also possible, such as usage log data. 27 Finally, these data represent only a single cooperative group. Publication patterns for other cooperative cancer groups of the NCI or for noncooperative group trials may be different. The solid lines show the model fitted results, derived by fitting time and positive trial (yes vs no) values to the regression model estimates for the quadratic time interaction models shown in eTable 2 in the Supplement. The symbols indicate observed mean number of citations. The observed and fitted values occurring prior to the primary article publication year were due to citations from secondary publications associated with a given trial (for instance, articles reporting on the trial design). Citation counts for the first 20 years after primary article publication were included for the analysis of primary articles only. For the analysis of primary and secondary articles, citation counts from 5 years prior to primary article publication to 20 years after primary article publication were included.
